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Copper amine oxidase from Hansenula polymorpha: the crystal
structure determined at 2.4 Å resolution reveals the active
conformation
Rongbao Li1†, Judith P Klinman2* and F Scott Mathews1*
Background:  Copper-containing amine oxidases (CAOs) are widespread in
nature. These enzymes oxidize primary amine substrates to the aldehyde
product, reducing molecular oxygen to hydrogen peroxide in the process.
CAOs contain one type 2 copper atom and topaquinone (TPQ), a modified
tyrosine sidechain utilized as a redox cofactor. The methylamine oxidase from
the yeast Hansenula polymorpha (HPAO) is an isoform of CAO with a
preference for small aliphatic amine or phenethylamine substrates. The enzyme
is dimeric with a subunit molecular weight of 78 kDa. Structural studies are
directed at understanding the basis for cofactor biogenesis and catalytic
efficiency.
Results:  The X-ray crystal structure of HPAO has been solved at 2.4 Å
resolution by a combination of molecular replacement and single isomorphous
replacement followed by refinement using sixfold symmetry averaging. The
electron density at the catalytic site shows that the TPQ conformation
corresponds to that of the active form of the enzyme. Two channels, one on
either side of TPQ, are observed in the structure that provide access between
the active site and the bulk solvent.
Conclusions:  The structure shows TPQ in a position poised for catalysis. This
is the first active CAO structure to reveal this conformation and may help further
our understanding of the catalytic mechanism. On the substrate side of TPQ a
water-containing channel leading to the protein surface can serve as an
entrance or exit for substrate and product. On the opposite side of TPQ there is
direct access from the bulk solvent of the dimer interface by which molecular
oxygen may enter and hydrogen peroxide depart. In addition, a network of
conserved water molecules has been identified which may function in the
catalytic mechanism.
Introduction
Copper-containing amine oxidases (CAO; E.C. 1.4.3.6) are
ubiquitous quinoenzymes which catalyze the oxidation of
primary amines by molecular oxygen to the corresponding
aldehydes and hydrogen peroxide (Equation 1) [1–3]. 
RCH2NH3+ + O2 + H2O → RCHO + NH4+ + H2O2 (1)
CAOs belong to the biologically important class of ‘type 2’,
or ‘non-blue’, copper proteins and utilize topaquinone
(TPQ), a modified tyrosine sidechain, as a redox cofactor
to achieve deamination. In microorganisms, these enzymes
enable the amine substrate to be used as a source of carbon
and nitrogen during growth. In higher organisms, the func-
tion of CAOs is not well understood, but they appear to be
involved in physiologically important processes related to
the biological function of their natural substrates. For
example, polyamines are important for transcription and
translation of proteins and the synthesis of DNA and
RNA. Therefore, the CAOs may regulate fundamental cel-
lular processes such as tissue differentiation, tumor growth
and programmed cell death. One of the reaction products
of CAOs, hydrogen peroxide, may also play a role in cell
regulation by acting as an intracellular second messenger.
It has recently been shown that hydrogen peroxide can act
as a signal transducing molecule in vascular smooth
muscle, evoking responses including tyrosine phosphoryla-
tion, mitogen-activated protein (MAP) kinase stimulation
and DNA synthesis [4]. Another important CAO, lysyl
oxidase, catalyzes connective tissue maturation by cross-
linking elastin and collagen. The redox cofactor of lysyl
oxidase has recently been identified as lysine tyro-
sylquinone, a derivative of TPQ in which the O2 atom is
displaced by a lysine sidechain, resulting in an intra-
molecular cross-bridge [5].
For TPQ-containing enzymes, the precursor tyrosine
residue (Tyr‡) has been located in a highly conserved
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consensus sequence, Thr-X-X-Asn-Tyr‡-Asp/Glu-Tyr.
The second tyrosine is present in all CAOs, with the
exception of the plant enzymes that contain an asparagine
residue in its place [6]. There is evidence that the forma-
tion of the TPQ cofactor occurs via a self-catalytic mecha-
nism, in which the Tyr‡ is oxidized by molecular oxygen
in a reaction catalyzed by protein-bound copper, rather
than in a specific enzyme-catalyzed reaction [7,8]. In the
light of the ‘self processing’ of the precursor tyrosine to
TPQ, the conserved active site consensus sequence must
play a role different from one of recognition by a substrate
biogenetic enzyme system. From recent mutagenesis
studies by Cai et al. [9], at least one residue in the consen-
sus sequence (the asparagine that precedes TPQ) has
been proposed to play a role in the proper orientation of
the mature TPQ ring.
Amine oxidation occurs via a ping pong mechanism
(Figure 1), consisting of two half-reactions [1,10], a reduc-
tive half-reaction (Equation 2a) and an oxidative half-reac-
tion (Equation 2b). 
Eox + RNH3+ → RCHO + Ered (2a)
Ered +O2 → Eox + H2O2 + NH4+ (2b)
During the reductive half-reaction, the amine is oxidized
to the aldehyde and the enzyme becomes reduced
through the formation of two separate Schiff base interme-
diates (Figure 1; steps II and III) [1,10]. Schiff base forma-
tion has been shown to occur at the O5 position of the
TPQ ring [11]. During the oxidative half-reaction (Equa-
tion 2b; Figure 1 steps IV to V), the enzyme reacts with
oxygen and ammonium ion is released. Turowski et al.
[12] have proposed that the oxidative half-reaction occurs
by way of the intermediacy of the semiquinone of TPQ
and reduced Cu+.
CAO from the methylotrophic yeast Hansenula polymorpha
is localized in the peroxisomes [13]. At least two isoforms
of CAO are present: one with preference for aromatic
amines (benzylamine oxidase) and the other with prefer-
ence for small aliphatic amines or phenethylamines
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Figure 1
Proposed reaction scheme for the oxidation of
amines by copper amine oxidase (CAO) and
the roles for the cofactor topaquinone (TPQ)
and the active-site base. The enzymatic
reaction consists of reductive and oxidative
half-reactions. During the reductive half-
reaction (right-hand side of the diagram), the
amine substrate is oxidized to the aldehyde
product and the enzyme becomes reduced
through the formation of two Schiff base
intermediates (II and III); proton abstraction is
catalyzed by the active-site base identified as
aspartic acid (Asp319 for HPAO). During the
oxidative half-reaction (left-hand side of the
diagram), the reduced enzyme can undergo
electron and proton transfer to molecular
oxygen to form hydrogen peroxide and
species V. Release of an ammonium ion yields
the starting enzyme (I).
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Structure
(methylamine oxidase). The methylamine oxidase isoform
(HPAO) has been overexpressed in Saccharomyces cerevisiae
[14]. Like other CAOs, HPAO is dimeric in solution; it has
a subunit molecular weight of 78 kDa and is about 2% gly-
cosylated. The amino acid sequence of HPAO is approxi-
mately 35% identical to Arthrobacter CAOs, 28% identical
to Escherichia coli amine oxidase (ECAO) and about 23%
identical to other eukaryotic CAOs [15]. A considerable
amount of spectroscopic and mechanistic data exist for
wild-type HPAO [14] and for a number of site-specific
mutants [9,16]. The crystallization and preliminary struc-
ture analysis of HPAO have been reported [17]. 
Here we describe the crystal structure of HPAO which has
been determined to a resolution of 2.4 Å. Each subunit
contains a large β-sandwich domain and two small α/β
domains, one TPQ and one copper atom, the latter being
coordinated by three histidine sidechains and two water
molecules. The structure shows the TPQ in a conforma-
tion poised for catalysis with the O5 atom situated near
the active-site base needed for the reductive half-reaction.
The O2 atom of TPQ and the nearby copper complex are
located close to a large solvent-filled central channel of the
dimer which can serve as the point of entry for substrate
oxygen and exit for product hydrogen peroxide. Features
of the HPAO structure which have some bearing on the
active site and the catalytic mechanism are discussed. In
addition, comparisons are made to the structures of two
other CAOs, ECAO [18,19] and pea seedling amine
oxidase (PSAO) [20].
Results
Structure analysis
The combined use of molecular replacement (MR) and
single isomorphous replacement (SIR) provided a power-
ful approach to solving the HPAO structure with nearly
500 kDa molecular mass in the asymmetric unit. MR,
using only 12% of the scattering matter, was successful in
finding the correct orientation of the molecule and pro-
vided sufficient phasing power to locate the 12 mercury-
binding sites, a difficult task using Patterson or direct
methods. A similar approach was used in the determina-
tion of the PSAO structure [20]. Use of SIR provided
independent phases based on experimental observations
and avoided bias from the ECAO search model during
model building. The presence of six copies of the HPAO
monomer in the asymmetric unit permitted improvement
of the phases by sixfold noncrystallographic symmetry
(NCS) averaging during phase refinement, to yield a
readily interpretable map. 
The orientation of TPQ could be readily identified in the
averaged SIR map (Figure 2a). However, as its orientation
differed from that in ECAO and PSAO, this result was
verified in electron-density maps computed with tyrosine
at position 405 (Figure 2b), with TPQ modeled into the
structure (Figure 2c) and with TPQ in an alternative con-
formation (Figure 2d). The results of these tests conclu-
sively showed the SIR-derived TPQ orientation had been
correctly identified.
The refined model of HPAO has good geometry
(Table 1). The Ramachandran plot indicates that 83.9% of
the non-glycine and non-proline residues are in the most
favored region and 15.6% in the additionally allowed
regions [21]. Only six residues, Ala403 in each of the six
subunits, are in a disallowed region of conformational
space. The correlation of the R factor and the resolution
[22] indicates an approximate value of 0.25 Å for the
overall error in atomic coordinates. The presence of six
identical copies of the HPAO monomer in the asymmetric
unit leads to an improved accuracy of the structure, as the
ratio of observations to parameters in the refinement using
NCS restraints is effectively increased. This is reflected in
the relatively small deviation (~4%) between the R factor
and Rfree. The average root mean square deviation (rmsd)
for equivalent positions among the six monomers is 0.06 Å
for mainchain atoms and 0.10 Å for sidechain atoms.
General description of the molecular structure
HPAO forms a trimer of ‘tight dimers’ in the crystallo-
graphic asymmetric unit (Figure 3). The trimer has 32 point
group symmetry and its threefold symmetry axis is oriented
parallel to the crystallographic a axis of the unit cell [17].
The trimers are held together by pairs of mainchain hydro-
gen bonds (located at each interface between dimers
related by local twofold axes perpendicular to the threefold
axis), in addition to several weak hydrophilic interactions
between sidechains and by bridging water molecules.
The HPAO dimer is shaped like a mushroom cap, with
approximate dimensions of 100 × 60 × 40 Å3 (Figure 4a),
almost identical to that of the PSAO structure. Each
subunit contains three domains arranged in sequence along
the primary structure (Figure 4b). Two small α/β domains
(D2 and D3), of about 90 residues each, are formed by the
N-terminal part of the polypeptide chain and a large
β-sheet domain (D4), of about 500 residues, is formed by
the C-terminal part of the chain. The two α/β domains
each contain two helices plus four antiparallel β strands
(β sheets 1 and 2; Figure 4b) and are of nearly identical
topology. Domain D4 contains an eight-stranded and a ten-
stranded antiparallel β sheet (β sheets 3 and 4) of complex
topology plus a small three-stranded antiparallel β sheet
(β sheet 5). A loop of about 30 residues (loop L; Figure 4b)
connects domains D3 and D4. The two large β sheets of
D4 stack together to form a sandwich-like structure with
strands nearly parallel to each other. This sandwich is an
elongated double-sheet structure with two distinctly differ-
ent ends (Figure 5a). One end is broad and flat, like a torso,
and contains two long β hairpin arms which extend from
two pairs of antiparallel β strands (4.2–4.3 and 4.9–4.10;
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Figure 4b), and are involved in the dimer interaction. Most
of the surface residues in this ‘torso end’ (not including the
arms) are exposed to the bulk solvent. The other end of
the sandwich is narrow and the β sheet is twisted by about
45° being shielded from the solvent by β sheet 5 and by
domain D3 (Figure 4a). This end (termed the ‘catalytic
end’) contains the active site (see below).
The folding topology of the HPAO monomer (Figure 4) is
very similar to that of PSAO and to domains 2–4 of ECAO.
ECAO contains a ‘stalk’ protrusion formed by domain 1
[18]; this protrusion is absent in both PSAO [20] and
HPAO. When the ECAO and HPAO dimers are superim-
posed, the rmsd for 924 equivalent Cα atoms (~70% of the
two structures) is 1.18 Å (when Cα atoms closer than 2.0 Å
are included in the comparison). The second metal-
binding site found in ECAO and PSAO (modeled as
calcium or manganese) is not conserved in HPAO and no
additional metal-binding sites were detected. The HPAO
sequence extends approximately 30 residues beyond the
C terminus of ECAO and about 22 residues beyond that of
PSAO [20]; the last 20 of these residues are disordered.
The preceding 15 residues, visible in the electron density,
form an additional β strand and α helix not present in the
other two CAOs; this β strand lies adjacent to the long
β hairpin (strand 4.3) of arm 1 to form a short segment of
three-stranded antiparallel β sheet.
HPAO has one potential N-linked glycosylation site
(Asn234-Val235-Thr236). This site is located on the surface
of the protein in loop L connecting domains D3 and D4.
There is one sugar residue adjacent to this site which could
be identified in the difference electron-density map. Of the
12 cysteine residues per subunit in HPAO, two are cova-
lently joined by a disulfide bridge. This disulfide bridge is
located in domain D4, linking Cys338 on a large loop to
Cys364 in β strand 4.2 (Figure 4b). These two cysteine
residues are conserved in all known eukaryotic CAOs as
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Figure 2
Electron-density maps of TPQ. (a) Single
isomorphous replacement (SIR) map (in violet
lines, contoured at 1.5σ) after sixfold molecular
symmetry averaging. TPQ is shown in ball-and-
stick representation with oxygen atoms in red,
carbon in yellow and nitrogen in blue. (b)
2Fo–Fc (in violet, contoured at 1.0σ) and Fo–Fc
(in green, contoured at 3.0σ) density maps for
the refined model with tyrosine modeled into
the TPQ site. (c) 2Fo–Fc map for the final
refined model contoured at 1.0σ. (d) Fo–Fc
difference density map for a model refined with
the TPQ ring rotated 180° about the Cα–Cβ
bond; green contours are at +3.5σ and red
contours at –3.5σ. (Figure was rendered using
SETOR [44].)
well as those from some prokaryotes. No cysteines are
found in the CAO from E. coli.
Interactions between subunits
The interface between subunits in the HPAO dimer is
very extensive, having a buried surface area comprising
approximately 20% of the total surface area. The twofold
molecular symmetry axis passes through the center of
the mushroom head. There is a short stretch of comple-
mentary mainchain hydrogen bonding between residues
243–245 of loop L of both subunits which forms a small
zipper-like antiparallel β sheet. Domains D2 and D3 sur-
round domain D4 on both sides of the molecule. Most of
the interactions between the subunits of HPAO occur at
the interface of the D4 domains of the two subunits and
include approximately 70 hydrogen bonds and salt
bridges. The pair of D4 domains pack together in a head-
to-tail manner with the two arms from the torso end of
one subunit embracing the catalytic end of the other
subunit. Arm 1 is surrounded by loop L and arm 2 lies on
the surface of the molecule. In the center of the mol-
ecule there is a wide, flat interface cavity extending deep
into the HPAO dimer (Figure 4a). Approximately 110
water molecules (out of a possible ~150 ) are located
within this cavity (Figure 5b). The walls of the cavity are
made up of a portion of β sheet 4 of both subunits and
mostly comprise strands 4.2–4.6 (Figure 4b). There are
two entrances to the interface cavity related by the mol-
ecular twofold symmetry. Each entrance is located in a
notch between the base of arm 2 and the torso of the β
sandwich, and is surrounded by residues 500–502 and
537–538 from one subunit and 442–445 of the other
subunit. The ordered solvent molecules are loosely
bound within the interface cavity forming several
hydrogen-bonded clusters, each making a number of
hydrogen bonds to the protein.
The active site
There are two identical active sites in the HPAO dimer
related by molecular twofold symmetry. Each of the active
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Table 1
Diffraction data, phasing statistics and model refinement.
Native HgI4–I* HgI4–II*
Diffraction data
Resolution (Å) 2.4 2.6 2.6
Completeness (all/last shell†) (%) 91.2/65.8 92.0/65.7 93.8/71.9
I/σ(I) (all/last shell†) (%) 12.5/2.4 – –
Rmerge‡ (all/last shell†) (%) 0.053/0.247 0.070 0.081
Number of reflections 171 706 136 487 139 228
Redundancy 2.8 3.2 3.3
Phasing statistics
Riso (%)§ – 15.7 17.2
Number of Hg sites – 12 12
RCullis (%)# – 7.3 7.2
Phasing power¶ (to 3.0 Å) – 1.30 1.64
Figure of merit 0.46
Final model
R/Rfree (Fo >1σ) (%)¥ 18.4/22.3
R/Rfree (all data) (%)¥ 20.0/23.9
Total residues (per au**) 3930
Total non-H protein atoms (per au**) 31 164
Total number of solvent atoms (per au**) 2556
Number of copper ions (per au**) 6
Rmsd†† (bond lengths) (Å) 0.011
Rmsd†† (bond angles) (°) 1.67
Mainchain B factors (average/rms‡‡) 23.8/1.8
Sidechain B factors (average/rms‡‡) 24.9/2.9
Solvent B factors (average) 31.3
*Heavy-atom derivatives were prepared by soaking HPAO crystals in
synthetic mother liquor containing 1 mM K2HgI4 for 24 h (HgI4–I) and
5 mM K2HgI4 for five days (HgI4–II). †2.55–2.40 Å resolution.
‡Rmerge = ΣI– < I>/Σ<I>, where I is the reflection intensity and the
summation is over all the equivalent measurements including Friedel
pairs. §Riso = ΣFPH–FP/ΣFP, where FPH and FP are the structure-
factor amplitudes of the heavy-atom derivative and the native protein,
respectively. #RCullis = ΣFPH–FP–FH/ΣFPH–FH for centric
reflections only, where FH is the calculated heavy-atom structure factor.
¶Phasing power for the mean value of the heavy-atom structure-factor
amplitudes divided by the residual lack of closure error.
¥R = ΣFo–Fc/ΣFo, where Fo and Fc are the observed and
calculated structure-factor amplitudes, Rfree is defined as R for 5% of
the data randomly omitted from the refinement. **au = the asymmetric
unit. ††Root mean square (rms) deviation from ideality. ‡‡The rms
difference in B factors for bonded atoms.
sites is located in the interior of the protein and contains
one copper ion and one TPQ cofactor, about 4.5 Å apart.
The two TPQs are separated by 42.5 Å (Cα to Cα) and
the copper atoms are separated by 34.6 Å. TPQ (at posi-
tion 405) is located in the N terminus of β strand 4.4. Each
of the active sites is located in the catalytic end of the
β sandwich structure between β sheet 3 and β sheet 4.
The end of arm 1 of the other subunit within the dimer is
also located close to the active site.
Copper coordination
The geometry of the copper coordination complex is
approximately square pyramidal, similar to that observed
in PSAO [20] and in the active form of ECAO [18]. The
copper ion is coordinated by three histidine sidechains,
two of them (His456 and His458 in β sheet 3.6) via their
Nε2 atoms and the third (His624 in β sheet 3.7) via its
Nδ1 atom, all at a distance of about 2.0 Å. The other ring
nitrogens of each sidechain, His456 Nδ1, His458 Nδ1 and
His624 Nε2, are hydrogen bonded to the carbonyl oxygen
of His454, the hydroxyl of Tyr407 and a carboxylate of
Asp630, respectively. These additional bonds help to sta-
bilize both the sidechain orientations of these residues
and their interactions with copper in the protein. A fourth
copper ligand is provided by a water molecule (We)
located in a ‘near’ equatorial position roughly coplanar
with the copper and three nitrogen atoms (Figure 6). This
water molecule is ~3.1 Å from the copper ion and appears
also to be hydrogen bonded to the sulfur of Met634 and
the carboxylate of Glu637, at distances of ~3.2 Å each.
This water molecule may be somewhat labile, as it was
observed in only five of the six subunits of HPAO and had
a mean temperature factor of 42 Å2 and a rmsd of 0.65 Å
from its mean position (Table 2). On the basis of spectro-
scopic evidence with several amine oxidases [23], We was
expected to be ~2 Å from the copper and was observed at
this distance in the crystals of PSAO [20] and of the active
form of native ECAO (grown in the absence of ammonium
sulfate) [18]. In HPAO, no water could be seen at this
position in the electron-density maps, even after distance-
restrained refinement of a hypothetical water molecule,
which was arbitrarily modeled into a site 2.0 Å from the
copper ion. A fifth copper ligand is provided by another
water molecule. This water (Wa) is located in an axial posi-
tion above the approximate plane of the copper and four
equatorial ligands, ~2.5 Å from the copper ion. Wa is
hydrogen bonded to O2 of TPQ and to a third water
molecule (W2) which in turn is bridged to the hydroxyl of
Tyr305 and the amide of Asn430.
TPQ conformation
The conformation of HPAO is that expected for the active
enzyme (Figure 6): the TPQ is oriented with its O2 atom
closest to the copper and its O5 atom in proximity to
Asp319. The latter is the most likely candidate for the
active-site base to catalyze proton abstraction from the C1
atom of the substrate Schiff base (Figure 1; step II). This
acidic residue is conserved in all known CAOs. The con-
version of Asp319 in HPAO to asparagine or glutamic acid
leads to either a complete loss of activity (Asn319) or
greatly reduced activity (Glu319) (J Plastino and JPK,
unpublished results). Its counterpart in ECAO (Asp383)
has been identified as the active-site base by mutagenesis
and by the crystal structure determination of an inhibitor-
bound form of the enzyme [19]. In PSAO, the TPQ orien-
tation is incompatible with enzymatic activity [20] and in
the active native ECAO it is rotationally disordered [18].
In HPAO, TPQ forms few strong interactions with the
protein. One strong hydrogen bond is observed between
its O4 atom and the hydroxyl of Tyr305. In addition, the
carbonyl of O5 of TPQ is within 3.2 Å of the mainchain
carbonyl oxygen of Ala402. This latter interaction might
be important in stabilizing the amino quinol intermediate
when TPQ is reduced by substrate (Figure 1; step IV).
The plane of the TPQ is also in van der Waals contact
with the sidechain of Asn404 (Figure 7). There are two
water molecules that interact with O2 of TPQ. One of
these is Wa and the other is water W1 which is located in a
hydrophobic pocket lined by the sidechains of Tyr407,
Leu425, His458 and Met634. Water W4, which is hydro-
gen bonded to the active-site base (Asp319), is positioned
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Figure 3
Trimer of dimeric HPAO molecules as observed in the asymmetric unit.
The crystallographic a axis is parallel to the noncrystallographic
threefold axis relating dimer molecules. The subunits are shown in
different colors. (This diagram was generated using MOLSCRIPT [45]
and rendered using RASTER3D [46,47].) 
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(b)
(a)
Protein fold and topology of HPAO. (a) Stereo view of the HPAO
dimer. One subunit is shown as a ribbon diagram with the domains
distinguished by color: blue for D2, green for D3, purple for D4 and
yellow for the loop connecting D3 and D4. The other subunit is drawn
as a ball-and-stick Cα diagram. The atoms of the copper and of the
sidechains of Asp319 and TPQ are represented by colored spheres
with oxygen in red, carbon in gray and copper in cyan. (The figure was
generated using MOLSCRIPT [45] and rendered using RASTER3D
[46,47].) (b) Topological diagram of the HAPO structure. The domains
are distinguished by color: blue for D2, green for D3, magenta for D4
and yellow for the loop connecting D3 and D4. Secondary structure
elements are labeled and numbered sequentially; β strands are shown
as arrows and helices as rectangles. Arm 1 and arm 2, mentioned in
the text, are connected by red dashed lines. 
3.0 Å from O5 of TPQ, but the small C5–O5–water
oxygen bond angle (83°) is not compatible with good
hydrogen bonding [24]. In Table 2, the various water
molecules have been characterized with regard to their
rmsd in position among the six subunits. This grouping
distinguishes three families of water molecules: those
located near the active-site base (W4, W5 and W6,
<rmsd> = 0.17 Å); those near and including the axial
copper ligand (Wa, W2 and W3, <rmsd> = 0.24 Å); and the
equatorial water together with W1 located near the O2 of
TPQ (<rmsd> = 0.6 Å).
In HPAO, the seven-residue consensus sequence T-X-X-
N-Y‡-D/E-Y (residues 401–407) contains alanine at posi-
tions 402 and 403 and glutamate at position 406. The
consensus peptide is located in a loop, which is held
together by mainchain hydrogen bonding between
residues 402 and 405 and between residues 400 and 407
(Figure 7). Residues 402–405 form a type II′ β turn [25]
that normally should contain glycine at the second position
(403) to alleviate strain from the Cβ atom. In fact, Ala403 is
in a stereochemically disallowed region of conformational
space (φ = 61°, ψ = –101°), the only such residue in the
protein. Asn404 is oriented, however, so that the peptide
nitrogen of Ala403 might form a hydrogen bond to the Oδ1
sidechain atom of Asn404, although the Cγ–Oδ1–N and
Oδ1–N–Cα bond angles are small (85° and 88°, respec-
tively) [24]. The Nδ2 atom of Asn404 is above the plane of
TPQ in van der Waals contact. The residual positive
charge on this amino nitrogen may be enhanced by the
adjacent mainchain amide nitrogen–Oδ1 hydrogen bond
and would be stabilized by its interaction with the TPQ
ring [26,27]. These interactions within and between
Asn404 and TPQ405 may compensate for the strain of the
type II′ β turn associated with the active-site geometry. In
bacteria and plants, the position corresponding to Ala403 is
either glycine or alanine [15]; in mammalian CAOs, a large
hydrophobic sidechain occupies this position, suggesting
some structural differences at the active site.
The consensus peptide loop separates the active-site
pocket from arm 1 of the other subunit. The sidechains of
Thr401 and Glu406 are hydrogen bonded together on the
arm 1 side of the consensus loop; Glu406 is also hydrogen
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Figure 5
Structure of domain D4 and the catalytic
sites. (a) Cα diagram of the β-sandwich
structure (β sheets 3 and 4, in green) of
domain D4 and the small antiparallel β sheet
(sheet 5, in orange). Arm 1 and arm 2 are
shown in red. The TPQ is shown in purple, the
copper atom is in turquoise, its histidine
ligands are in dark blue and Asp319 is in red.
Residues Ile622 and Glu637, which form the
putative gate to the channel, are shown in
yellow. (b) Cα trace of a pair of β-sandwich
domains of domain D4 (in green and gold)
showing the central interface channel
containing water molecules (red spheres). β
Sheet 5 (the antiparallel β sheet) is shown in
violet in both subunits. The TPQ is in purple,
the copper atom is in turquoise, its histidine
ligands are in dark blue and Asp319 is in red.
Arm 1 of both the green and gold subunit are
clearly visible across the dimer. (The figures
were generated using MOLSCRIPT [45] and
rendered using RASTER3D [46,47].)
bonded to His376# located in arm 1 of the other subunit
(where # denotes atoms from the other subunit; Figure 7).
Both of the hydrogen bonds made by Glu406 are short
(2.5 Å), which suggests that the sidechain may not be pro-
tonated. Tyr407, on the TPQ side, is hydrogen bonded to
Nδ of His458, one of the copper ion ligands, and to the
water molecule that bridges O5 of TPQ with Glu319.
Active-site accessibility and the paths for substrate and
oxygen traffic
The TPQ and copper coordination complex are located in
the interior of the HPAO monomer in the catalytic end of
the β sandwich (Figure 5a). Each copper complex is posi-
tioned close to the subunit interface of domains D4 and is
near one of the two openings for bulk solvent to enter the
interface cavity (Figure 5b). The copper complex is close
to β sheet 5 and to the peptide loop between β strands 3.7
and 4.6 (Figure 4b). The active-site pocket is composed of
one open channel and one closed cavity, each containing
several water molecules. They are separated from each
other by a barrier which is formed by mainchain and
sidechain atoms of residues 301–305, 404–407 and
428–430, and includes two hydrogen bonds, one between
TPQ O4 and Tyr305 Oη and the other between Tyr407
Oη and His458 Nδ.
The open channel appears to function as a substrate
pathway, leading from the solvent-accessible surface to the
O5 position of TPQ and to Asp319, over a distance of ~18 Å
(Figure 8a). The channel contains several loosely bound
water molecules found in variable positions in the six sub-
units. The channel is surrounded by five polypeptide seg-
ments. One of these segments is from arm 1 of the other
subunit (Phe379#, Asn382#, Phe383#) and two are from
domain D3 (Leu116, Thr117, Val118, Leu121, Cys122;
Pro155, Trp156). The other two segments are from domain
D4 (Ala317, Asp319, Tyr323, Met328; Thr401, Ala402,
Ala403, TPQ405). Only one of these residues, Asp319, is
charged. In general, the residues at positions equivalent to
these in the other CAOs of known sequence [15] are also
hydrophobic or neutral polar. However, except for Asp319
and residues 401–405 (the active-site base and part of the
consensus sequence), only three positions show pro-
nounced sequence homology: position 323 is always aro-
matic and, among plant and bacterial CAOs, position 155 is
serine or proline and 156 is a bulky hydrophobic residue. It
is likely that the amine substrate and aldehyde product of
the reductive half-reaction enter and exit via this channel.
In support of this hypothesis, it has been observed that in
the 2-hydrazinopyridine complex of ECAO [19] the pyri-
dine ring of the bound inhibitor occupies the analogous
channel in the enzyme and its tip extends to the molecular
surface close to the D3–D4 interface.
The closed cavity inside the β-sandwich domain is close to
O2 of TPQ and to the copper ion and is probably the site
of the oxidative half-reaction. This oxidation cavity con-
tains five water molecules, including the axial copper
ligand and the near equatorial water (Figure 6). These five
water molecules are well conserved in the six independent
subunits in the asymmetric unit (Table 2). The oxidation
cavity is separated from the interface cavity (Figure 5b) by
a distance of ~2.5–3.0 Å. The near equatorial water, which
Research Article  Copper amine oxidase Li, Klinman and Mathews    301
Figure 6
The active site of HPAO showing the distances (in Å) between groups.
Dashed lines indicate hydrogen bonds. Hydrogen bonds involved in
coordination of the copper ion are shown in pink; histidine residues
involved in the coordination are in blue and other atoms are in standard
colors. Water molecules are depicted as red spheres. (The figure was
generated using the program MOLSCRIPT [45] and rendered using
RASTER3D [46,47].)
Table 2
Waters molecules at the active site of HPAO.
Water No. observations* Rmsd (Å)† <B> (Å2)‡
W4 6 0.18 35
W5 6 0.17 28
W6 6 0.17 22
Wa 6 0.18 21
W2 5 0.20 13
W3 6 0.28 16
We 5 0.65 42
W1 4 0.53 45
*Number of subunits in which the water is observed. †Root mean
square deviation. ‡Mean temperature factor.
is closest to the interface cavity, is blocked from it by the
sidechains of Ile622 and Glu637 (Figure 5a). As both of
these residues are held in place largely by van der Waals
interactions (Glu637 is not hydrogen bonded to any
protein sidechain) they should be somewhat flexible. In
all sequenced CAOs, the residue corresponding to Ile622
in HPAO is isoleucine, threonine, leucine, methionine or
phenylalanine, and to Glu637 is glutamate, glutamine,
aspartate or asparagine. The putative ‘gate’ to the inter-
face cavity formed by these two sidechains is located
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Figure 8
Solvent channels in HPAO. (a) Stereo view of
the substrate channel (violet contours) leading
from bulk solvent (top) into the active site
(bottom). Most of the residues of HPAO
surrounding the channel are labeled. The hash
symbol (#) indicates the residues from arm 1
of the other subunit; W4 just outside the
channel is also shown. The unlabeled
residues behind the contours are Leu121 and
Cys122. The several water molecules within
the channel are shown as red spheres. The
shallow channels at the upper left and upper
right are nearby surface depressions included
in the diagram. The cavity surface was
computed using the program VOIDOO [48].
(The figure was generated using the program
MOLSCRIPT [45] and rendered using
RASTER3D [46,47].) (b) Solvent-accessible
channels near the active site of HPAO.
Carbon atoms are shown in yellow, nitrogen
atoms in blue and oxygen atoms in red; the
copper ion is in cyan. The substrate channel,
on the left, is depicted in red and the interface
channel, on the right, is in blue. A third, more
distant solvent-accessible channel is colored
green. The five water molecules from the axial
position (Wa) to the green channel are shown
connected by violet dotted lines. W4, near the
substrate channel is also shown. (The figure
was generated using the program O [49].)
Figure 7
Stereo view of the consensus sequence T-X-
X-N-TPQ-D/E-Y (residues 401–407). The
consensus sequence is located in a β turn
between strands 4.3 and 4.4. His376# (in
green) of arm 1 of the other subunit is shown
on the left and the active site of HPAO,
including base residue Asp319 (magenta),
copper (cyan) and its ligands (histidines in
blue and water in red), on the right. Hydrogen-
bonding interactions are shown as dashed
lines. These bonds include Ala402 O to
TPQ405 N (3.2 Å), Ala402 N to TPQ405 O
(2.8 Å), Phe400 O to Tyr407 N (2.9 Å),
Thr401 Oγ to Glu406 Oε1 (2.6 Å), His373#
Nδ1 to Glu406 Oε2 (2.4 Å), Tyr407 Oη to
His458 Nδ1 (2.7 Å), Asn404 N to Asn404
Oδ1 (2.7 Å) and TPQ405 O5 to water W4
(3.0 Å). The angles of the last two hydrogen
bonds are ~85°. (The figure was generated
with MOLSCRIPT [45] and rendered using
RASTER3D [46,47].)
~10 Å from the mouth of the interface cavity through
which the bulk solvent can flow. The near equatorial
water and the other water molecules in the oxidation
cavity should therefore readily exchange with the bulk
solvent of the interface cavity. This interface cavity may
provide the path for oxygen diffusion to the active site. 
The oxidation cavity also appears to be linked to bulk
solvent by another route in a direction away from the
copper ion and the subunit interface. There is a chain of
five water molecules, shown in Figure 8b, which starts
with the axial copper ligand Wa. Waters W2 and W3 are
spaced ~3 Å apart; the fourth water is 4.2 Å from the third
water and is connected to a fifth water at 4.9 Å. The fifth
water is hydrogen bonded to a cluster of solvent molecules
in another cavity, also open to bulk solvent. All but one
member of the water chain is conserved in at least five of
the six subunits. This chain of water molecules is not con-
served beyond position W3 in any of the other CAOs of
known structure, except for subunit B of the 2-hydrazino-
pyridine complex of ECAO [19]. In this instance there
appears to be a chain of water molecules of similar length
to that in HPAO leading in another direction from W3.
The water chain may only be apparent in structures con-
taining TPQ in its active conformation.
Discussion
TPQ orientation
In the crystal structure of the active form of native ECAO
(analyzed in the presence of sodium citrate) the orientation
of TPQ is consistent with a hydrogen bond being formed
between O4 and the hydroxyl of Tyr369 (equivalent to
Tyr305 of HPAO) but the location of O2 and O5 is unclear
because of disorder of the TPQ ring [18]. In native PSAO
[20], the TPQ ring is well ordered, but the positions of O2
and O5 are inconsistent with Schiff base formation at O5
[11]. This observation suggests that TPQ is flexible and
could rotate by 180° about the Cβ–Cγ bond to place O5
close to Asp300 (equivalent to Asp319 in HPAO) and O2
close to copper [20]. The orientation of TPQ in native
HPAO is consistent with the oxidized resting enzyme being
in the active form with O5 and Asp 319 both close to the
substrate cavity and O2 close to the copper ion. Polarized
absorption microscopic studies have shown that single crys-
tals of HPAO can be reduced by benzyl amine and reoxi-
dized by air, thereby demonstrating that the crystalline
HPAO is enzymatically active (GL Rossi, personal commu-
nication). The orientation of TPQ in the 2-hydrazinopyri-
dine inhibited form of ECAO, where the inhibitor forms
both a Schiff base with O5 of TPQ and a hydrogen bond to
Asp383 (equivalent to Asp319 in HPAO), is consistent with
the TPQ orientation found in HPAO.
Copper coordination
In active ECAO and in PSAO the water molecule at the
equatorial site was clearly defined in the electron density
and located 2 Å from the copper ion [18,20]. In HPAO
this water is shifted ~1 Å farther from the copper ion and
is less well defined, being seen in only five of the six
subunits and dispersed over a larger volume, with an
rmsd of 0.65 Å from the mean position. This situation is
similar to that of subunit B of the fully substituted
2-hydrazinopyridine complex of ECAO, where the equa-
torial water is also 3.0 Å from the copper and fully
resolved from it [19]. One feature common to the native
HPAO and inhibited ECAO structures is the well-
defined orientation of the TPQ ring, with the negatively
charged O2 atom accepting a hydrogen bond from the
axial water molecule. This hydrogen bond may act
inductively to weaken the coordination of the equatorial
water to the copper, allowing the bond to lengthen and
the water to become more labile.
Enzyme mechanism
A mechanistically unique feature of the HPAO crystal
structure is a productive orientation for the TPQ ring that
permits localization of a network of hydrogen bonded
water molecules in and around the active site of the
enzyme. The presence of six subunits per asymmetric unit
facilitates the identification of conserved water molecules
(present in at least four of the six subunits), and the deter-
mination of their average temperature factors (Table 2).
These water molecules appear to be conserved in both the
native and the 2-hydrazinopyridine inhibited structures of
ECAO and in the structure of PSAO. As noted previously,
the TPQ ring together with two tyrosines, one at the edge
of the TPQ ring (Tyr305) and one below it (Tyr407),
divides the active site into two regions: one region con-
tains the active-site base (Asp319) and the substrate-
binding site and the other contains the copper ion.
The water molecule between the O5 atom of TPQ and
Asp319 (W4; Figure 6) is assigned to the region occupied
by substrate, once it has formed a Schiff base with TPQ
[19]. There is a clearly defined water-containing channel
that leads from the bulk solvent to this site (Figure 8a).
The O5 of TPQ is connected to the copper site via two
hydrogen-bonding networks, one involving Tyr305 and
the other Tyr407 (Figure 6). There is a water molecule
(W5) hydrogen bonding to O5 and O4 of TPQ which, in
turn, is also hydrogen bonded to Tyr305. Another water
(W2) interacts with Tyr305 and Wa (Figure 6). The water
between O5 and O4 (W5) may provide a pathway for
transfer of the proton, removed by Asp319 from the amine
substrate during its oxidation, to the O4 of the reduced
TPQ ring [28]. This substrate-derived proton is likely to
be involved in the two-proton transfer to dioxygen during
its reduction to hydrogen peroxide (see below). Regarding
the path on the other side of the TPQ cofactor, we
observe a hydrogen bond from O5 to a water molecule
(W4) that interacts with Tyr407, which in turn is hydrogen
bonded to the Nδ of His458. It appears that while the two
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halves of the enzyme active site are non-contiguous, they
are tightly linked by a hydrogen-bonding network.
As shown in Equation 2, the reaction catalyzed by the
copper amine oxidase occurs as two half-reactions involv-
ing the oxidation of amine to aldehyde, followed by the
reduction of dioxygen to hydrogen peroxide accompanied
by the release of ammonia. The reductive half-reaction
has been studied via detailed solution chemistry [1,10], as
well as by X-ray crystallography [19]. The crystallographic
study describes a well-resolved structure for the 2-
hydrazinopyridine complex, which can be considered an
analog of species II in Figure 1. None of the other inter-
mediates in the reductive half-reaction (III or IV) can be
visualized by crystallography at the present time. A major
unresolved issue has been the pathway whereby the two-
electron and two-proton reduced enzyme (formed in
Equation 2a, catalyzed at the site defined by Asp319)
interacts with dioxygen to form reoxidized enzyme and
hydrogen peroxide (Equation 2b, presumed to occur at the
site defined by the active site copper).
Recent kinetic analyses indicate that the reaction of O2
with the mammalian CAO, bovine plasma amine oxidase,
involves the initial binding of oxygen to the enzyme, fol-
lowed by a rate-limiting one-electron transfer; this is attrib-
uted to the formation of superoxide as the first reduced
oxygen intermediate (Q Su and JPK, unpublished results).
Although copper would seem to be the most likely candi-
date for O2 binding, copper in its +2 oxidation state is not
known to interact with dioxygen. Turowski et al. [12]
showed that reduction of TPQ by amine substrate under
anaerobic conditions gives rise to a disproportionation reac-
tion to yield TPQ semiquinone and Cu+, raising the possi-
bility of Cu+ as the dioxygen binding site. There are,
however, two observations that mediate against this possi-
bility: the first is that for bovine plasma amine oxidase the
predominant state of substrate-reduced enzyme strongly
favors Cu2+ (>90% of the total enzyme [29; Q Su and JPK,
unpublished results]); the second is the finding that O2
binding to bovine plasma amine oxidase constitutes a step
separate from O2 reduction (Q Su and JPK, unpublished
results). In general, it is assumed that when O2 binds to a
Cu+ site, transfer of electron density will occur to yield a
species with significant Cu2+–superoxide property. It is
possible that the Cu+/Cu2+ redox potential in CAOs is suf-
ficiently high relative to HO2
×/O2 (–50 mv at pH 1 [30])
that the thermodynamically favored state of the initially
formed complex would be Cu+–O2. In this instance,
however, there would be little driving force for the forma-
tion of an O2–copper complex.
Where then can O2 bind if not to the metal cluster? Very
little structural data exist that describe the nature of O2-
binding sites in proteins, with the exception of metal sites
themselves. In light of the fact that O2 is hydrophobic
(partitioning into organic solvent over water at a ratio of
5–10:1 [31]), a hydrophobic pocket near the copper ion of
HPAO appears to be the most likely O2-binding site. The
crystal structure of HPAO provides possible insight into
this site. The site contains a single water molecule (W1)
that sits within good hydrogen-bonding distance of the O2
of TPQ in four out of the six subunits with fairly high
temperature factors (Table 2). This site is located among
three hydrophobic residues, Tyr407, Leu425 and Met634.
Met634 is conserved in all CAOs, except for in the mam-
malian enzymes where it is replaced by threonine, and
Tyr407 is present in all but the plant CAOs where it is
replaced by asparagine [6]; Leu425 is replaced by alanine
in about two-thirds of the known sequences. We suggest
that O2 may bind to this site in the reduced enzyme, posi-
tioning itself for the acceptance of electrons and protons
from the reduced TPQ cofactor.
At this stage it is impossible to know if bound oxygen
migrates to the copper site as a consequence of its reduc-
tion to superoxide. If this were to happen, binding at the
position of the equatorial water would be expected to be
favored over the axial water site, as the equatorial site is a
nearest neighbor. If the superoxide migrates to the copper
site, a proton relay would be necessary to transfer protons
from the semiquinone form of TPQ to reduced oxygen.
This could occur via a swapping of the equatorial water
with the superoxide, leading to hydrogen bonding
between W1 and the O2 of the TPQ semiquinone.
It is also possible that O2 reduction occurs without migra-
tion to the copper site. By remaining fixed in its original
binding site, O2 would be well positioned to accept two
protons from TPQ (one proton from the O2 position
directly and the second from the O4 position via the
hydrogen-bonding network) concomitant with its uptake
of two electrons. It is well known that quinols can react
with O2 to form semiquinones and quinones in the
absence of metal ions, and this has been demonstrated to
occur with TPQ model compounds in solution [32]. 
One feature that has not been discerned in previous struc-
tures of CAOs is the water channel seen to lead from the
axial water of copper to bulk solvent (Figure 8b).
Although this channel is somewhat constricted and may
not allow ready movement of water molecules, it could
serve as a proton relay system. We note that of the two
protons that appear on the final hydroperoxide product,
one is proposed to derive from the substrate (via the O4
position of reduced TPQ) with the second coming initially
from the axial water site (via the O2 position of reduced
TPQ). This means that at the completion of the catalytic
cycle, Cu2+–OH2 has been converted to Cu2+–OH. Recy-
cling of the Cu2+–OH form of the enzyme back to its
active conformation may be accelerated by proton transfer
through this additional solvent channel.
304 Structure 1998, Vol 6 No 3
Biological implications
Copper-containing amine oxidases (CAOs) catalyze the
oxidation of primary amines by molecular oxygen to the
corresponding aldehydes and hydrogen peroxide. These
enzymes have been implicated in the detoxification of
biogenic amines, cell growth and differentiation, wound
healing and signaling processes. Consequently, CAOs
are important target enzymes for pharmacological and
clinical research. 
CAOs use copper and a modified amino acid sidechain
as redox cofactor to achieve substrate deamination and
dioxygen reduction. In early studies, CAOs were shown
to contain a reactive carbonyl group, leading to sugges-
tions that  covalently bound pyridoxal phosphate [33] or
pyrroloquinonoline quinone [34,35] were the cofactor
[36,37]. It has, however, since been demonstrated that
the cofactor is a modified tyrosine designated 2,4,5-trihy-
droxyphenylalanine, or topaquinone (TPQ) [18,20,36,
37]. Formation of the TPQ cofactor appears to occur via
a self-catalytic mechanism in which a single tyrosine
residue is oxidized by protein-bound copper and mole-
cular oxygen [7,38]. Amine oxidation occurs via a
mechanism consisting of two half-reactions: the first
half-reaction leads to a reduced aminoquinol cofactor,
concomitant with aldehyde production, while the second
half-reaction regenerates TPQ concomitant with hydro-
gen peroxide formation.
A number of important biological questions remain
concerning the functioning of the CAOs: the mechanism
of TPQ biosynthesis; the origin of substrate specificity
and stereospecificity; the role of unique interactions at
the subunit interface; the characterization of channels in
the protein for diffusion of substrates and products; and
the role of conserved residues in the consensus sequence
flanking TPQ and elsewhere in the functioning of
the enzyme.
The crystal structure of HPAO presented here indicates
that the catalytic components of the active site are ori-
ented optimally for catalytic activity. The O5 atom of
TPQ is bridged to Asp319, the putative catalytic base, by
a water molecule, which would be displaced by substrate
upon formation of the substrate Schiff base during the
reductive half-reaction. The O2 atom of TPQ is bridged
to the copper ion by a coordinating water molecule,
which is likely to function as a proton donor in cofactor
reduction. Sidechain hydrogen bonding with and around
the TPQ separates the active site into two distinct
regions, one for the reductive half-reaction and the other
for the oxidative half-reaction. A network of water mol-
ecules found to surround the TPQ cofactor is proposed
to facilitate communication between the two halves of
the active site and to provide a conduit for proton trans-
fer from substrate to dioxygen.
Materials and methods
Crystallization, heavy-atom derivatives and data collection
Crystals of HPAO were grown in sitting drops by mixing equal volumes
of HPAO (20 mg/ml in 10 mM potassium phosphate buffer, pH 6.5)
and a reservoir containing 7–9% PEG 8K, 0.3 M potassium phosphate
buffer, pH 6.2, and equilibrating them against the reservoir for two to
four weeks at room temperature [17]. The crystals are orthorhombic,
space group P212121 with cell parameters a = 138.8 Å, b = 148.2 Å
and c = 234.0 Å, and contain three dimers of HPAO in the asymmetric
unit. X-ray diffraction data were recorded to 2.4 Å resolution at 100K
from a crystal containing 25% added glycerol on an R axis image plate
detector and processed with Denzo [39]. The data are threefold redun-
dant and 92% complete with Rmerge = 5.3% (Table 1). Heavy-atom
derivatives were prepared by soaking native crystals in solutions con-
taining selected heavy-atom compounds, in addition to the compo-
nents of the mother liquor.
Structure determination, model building and refinement
Initial protein phases were obtained by MR with the program AMORE
[40] using the structure of ECAO [18] as a search probe. The best
search model was found to be the ECAO dimer mainchain, with 11
polypeptide segments removed from each subunit, resulting in a search
model containing only 12% of the scattering elements in the asymmet-
ric unit. Three different orientations were found, leading to a final model
consisting of a hexamer of subunits and having a correlation coefficient
of 0.390 and an R factor = 45.0%, compared to values of 0.302 and
47.0%, respectively, for the next best solution. The model consists of a
trigonal arrangement of dimers with 32 point group symmetry
(Figure 3). The noncrystallographic threefold axis is parallel to the crys-
tallographic a direction.
The initial model, which included sidechains of ECAO identical to
HPAO and polyalanine elsewhere, was refined using X-PLOR. When
the model was constrained to obey strict NCS, the number of parame-
ters was reduced sixfold, (i.e. to only one monomer in the asymmetric
unit). Molecular dynamics refinement resulted in a drop of the conven-
tional R factor and free R factor to 38.3% and 42.1%, respectively.
Further refinement, after replacing ECAO sidechains by HPAO
sidechains and manually refitting the model to the electron density,
gave a conventional R value of 31.0% and free R of 37.0% with rmsds
of bond lengths = 0.018 Å and angles = 2.75°.
Several heavy-atom compounds were tested as derivatives, but only
K2HgI4 was found to be useful. Two crystals, soaked with the heavy-
atom reagent for different times and at different concentrations, gave
isomorphous structure factor changes of 15.0% to 17.0% (Table 1).
Although the derivative could not be solved independently by Patterson
methods, a difference Fourier map using phases derived from the MR
solution showed 12 prominent peaks in the asymmetric unit above the
noise level. The 12 peaks correspond to two independent mercury-
binding sites per monomer which are located next to two cysteine
residues in HPAO. The mercury positions from both crystals were
refined with MLPHARE in the CCP4 program suite [41] and resulted in
a combined figure of merit of 0.46 and phasing power of 1.3–1.6 at
3.0 Å resolution (Table 1).
The initial experimental phases were improved by solvent flattening and
sixfold symmetry averaging using the program DM in the CCP4 program
suite [41] with a molecular envelope derived from the MR solution. The
NCS operators were refined after every three cycles of averaging and
the phases were gradually extended to 2.4 Å resolution. The free R
factor was about 0.35 and the average figure of merit about 0.95. 
The nascent HPAO structure was gradually fit to the SIR map by
adjustments of mainchain and sidechain torsion angles using the
program O. The averaged SIR map clearly indicated the path of all but
the last 30 residues of the polypeptide chain and defined the locations
of prominent sidechains of HPAO, including several occurring where
there are deletions or insertions with respect to the ECAO structure.
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The position and orientation of TPQ in the crystal of HPAO could also
be discerned from the phase-refined SIR electron-density map
(Figure 2a). This map was unbiased, containing no prior information
about the TPQ location or orientation, and verified the location of the
modified tyrosine at position 405. However, as a precaution, position
405 was built as glycine at this early stage while the remaining
sidechains were adjusted to match the electron density. 
Refinement using X-PLOR [42] was begun using strict NCS con-
straints with data limited to I > 5σ in the resolution range 6–2.8 Å.
After several rounds of positional refinement the resolution was
extended to 2.5 Å resolution and an additional 12 C-terminal residues
could be fitted to the density maps. The agreement factors at that
stage were R = 0.268, Rfree = 0.291. Tyrosine was then modeled into
the TPQ electron density and further refinement was carried out. The
resulting 2Fo–Fc and Fo–Fc electron density difference maps verified
the location of the O2 and O5 positions of the TPQ (Figure 2b). The
strict NCS constraints were then replaced by tight NCS restraints, the
resolution extended to 2.4 Å and the intensity cut-off lowered to 2.5σ.
After simulated annealing, positional and temperature-factor refine-
ment, the residuals were reduced to R = 0.245 and Rfree = 0.279.
About 200 water molecules for each monomer were added (based on
difference density > 4σ). TPQ was then placed at position 405 and the
upper resolution limit extended to 8.0 Å leading to R = 0.216
(Rfree = 0.279). The 2Fo–Fc map for TPQ at this stage is shown in
Figure 2c. In order to be absolutely certain that the TPQ orientation
was correct, tests were carried out in which the TPQ was rotated by
180° about its Cβ–Cγ bond and the structure refined. The resulting dif-
ference map clearly indicated that the original TPQ orientation was
correct (Figures 2d).
Several additional cycles of simulated annealing and conventional posi-
tional and temperature-factor refinement were carried out, followed by
model rebuilding and further identification of water molecules. Torsion
dynamic refinement [43] was used to generate five models; the model
which gave the best R value was used for subsequent refinement.
During this time the low-resolution limit was extended to 100 Å by
application of a bulk-solvent mask [42] and the intensity cut-off for
refinement was lowered to 1.0σ. The final R = 0.184 (Rfree = 0.223) for
157 428 reflections with rmsds from ideal values of 0.011 Å for bond
lengths and 1.67° for bond angles. The final model contains 31 161
nonhydrogen protein atoms in 3930 residues, six copper ions and
2556 water molecules. Residues 673–692 could not be seen in the
electron-density map and presumably are disordered.
Accession numbers
The coordinates of HPAO have been deposited in the Protein Data
Bank with accession code 1A2V.
Supplementary material
Supplementary material available with the internet version of the paper
contains a figure showing a section through the molecular surface of
HPAO.
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